Introduction
A large number of studies have shown that defoliation by insects can reduce the annual increment of forest trees (Kulman, 1971; Day and Leather, 1997) . In a commercial environment, however, whether the reduction in increment is considered important or not will depend on the extent to which overall stand productivity is reduced and whether financial returns are affected. Unfortunately, there are few examples of how single or repeated defoliation affects tree size at harvest or total timber production, and there are no current assessments of financial losses, especially for defoliating insect pests in the UK. The significance of defoliation, therefore, often remains unclear.
Assessing the impact of defoliation on total timber production and financial returns requires quantitative data on growth loss following attack and a knowledge of the defoliation history of individual forest stands. This information is available for the pine looper moth (Bupalus piniaria L., Lepidoptera, Geometridae). Long-term records of B. piniaria population numbers have been collected for many commercial pine forests in the UK as a result of annual pupal surveys conducted by the Forestry Commission, and the 
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The financial costs of defoliation of Scots pine by the pine looper moth (Bupalus piniaria L.) were evaluated for three pine stands in Tentsmuir Forest, Scotland, by comparing observed tree growth with estimates of the growth that would have been expected if the moth had not been present. It was calculated that five or seven periods of partial defoliation, caused by successive peaks in the moth population, had reduced the total volume of marketable timber available in thinnings and at final harvest by 26-35 m 3 ha -1 . Nearly all of this loss occurred in the sawlog category of timber. Total discounted income over the rotation, based on long-term (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) average timber prices and a 3.5 per cent discount rate, was reduced by 5.8-7.5 per cent when the same rotation length was used for both observed and expected growth. At a discount rate of 6 per cent, total income was reduced by 4.4-5.2 per cent. Extending the rotation by 3 or 4 years to allow the mean final tree size to reach that expected in the absence of defoliation, or by 4 or 6 years to allow the same total volume of timber to be extracted, increased total revenue but did not increase gross discounted income because of the effect of discounting over a greater number of years. relationship between B. piniaria pupal numbers and increment of Scots pine (Pinus sylvestris L.) has been established through studies in Tentsmuir Forest in Scotland (Straw, 1996; Armour et al., 2002) . Pupal surveys for B. piniaria were initiated in 1953 following outbreaks of the moth in Cannock Chase, Staffordshire, and in North Yorkshire, which severely defoliated Scots pine, and they have been continued ever since as a system designed to provide early warning of potentially damaging populations (Bevan and Brown, 1978; Broekhuizen et al., 1993) . The growth loss studies by Straw (1996) and Armour et al. (2002) show that radial and volume increments of Scots pine are reduced by 20-50 per cent for 2-3 years after peaks in the B. piniaria population. These estimates of increment reduction and the pupal survey data for Tentsmuir Forest are used here to calculate the financial costs of defoliation by B. piniaria over the forest rotation, to provide an example of the impact of a typical defoliating pest.
Populations of B. piniaria in Tentsmuir fluctuate in a cyclical manner, and high densities, sufficient to reduce increments, recur every 5-7 years. Moth numbers were sufficiently high in Tentsmuir in 1957 Tentsmuir in , 1977 Tentsmuir in and 1984 to warrant chemical control (Bevan, 1961; Brown and Barbour, 1978; Stoakley, 1985; Stoakley et al., 1985) . The outbreak in 1957 was concentrated in a cluster of compartments in the north-west of the forest, while in 1977 the main area affected was located in the south-east. The outbreak in 1984 was more widespread and the whole forest was sprayed with insecticide from the air. The control operations prevented severe defoliation and, except perhaps in 1984, the pine trees in Tentsmuir have not been subject to defoliation sufficient to attract attention (Straw, 1996) . Consequently, the defoliation history of the forest is one of fluctuating but not extreme needle loss.
Methods

Study site
Tentsmuir Forest is located on the east coast of Scotland, 10 km south of Dundee (National grid reference: NO 485255; latitude 56°25Ј N), and comprises 1200 ha of pure and mixed stands of Scots and Corsican pine and more recent plantings of other conifer species. The forest was originally planted with pine between 1922 and 1933, but three-quarters of the original stands have now been felled and replaced. Most of the original stands that remain occur in the north, or along the east and south edges of the forest. The forest and individual study sites are described in more detail by Straw (1996) and Armour et al. (2002) . Armour et al. (2002) analysed trees from two Scots pine stands: Stand A (forest compartment 8303c), located in the northern part of the forest that was heavily attacked by B. piniaria in 1957, and Stand B (forest compartment 8330b), located 2 km south and 1.7 km east of Stand A in the epicentre of the 1977 outbreak. Straw (1996) analysed trees from a single stand: Stand C (forest compartment 8351a, previously 1351a) located 3 km south and 1.6 km east of Stand A on the very southern edge of the main forest block. The characteristics of each stand are summarized in Table 1 .
Mean radial and volume increments for each year since planting were determined by tree ring analysis for 20 trees from Stand A and 20 trees from Stand B (Armour et al., 2002) , and for 40 trees from Stand C (Straw, 1996) . Height increments were measured in the field at the time of felling. Sample trees from Stands A and B were felled either in 1998 or 1999, whereas those in Stand C were felled in 1989 (Table 1) . Trees from Stands A and B had been subjected to seven periods of high moth densities, associated with seven cycles of the B. piniaria population, whereas trees from Stand C had experienced only five peaks in the moth population (Armour et al., 2002) .
Growth losses caused by B. piniaria
B. piniaria is an autumn defoliator. The larvae feed in the canopy from July to November, and sometimes as late as December or January (Klomp, 1966; Schwenke, 1978; Bevan and Brown, 1978) . The main hosts in the UK are Scots pine and Corsican pine (P. nigra var. maritima (Ait.) Melville), although lodgepole pine (P. contorta Douglas) and several other conifer species are also attacked (Bevan and Brown, 1978; Barbour, 1988) . The larvae feed primarily on the older needle cohorts, but will feed on the current needles at high population densities and when mature foliage is in short supply (Schwenke, 1978; Smits and Larsson, 1999) . Defoliation by outbreak densities of larvae becomes apparent during the late autumn, and the first effect on tree growth is a reduction in increment in the following season.
Estimates of the percentage reduction in height, radial and volume increments following peaks in the B. piniaria population at Tentsmuir have been tabulated by Straw (1996) and Armour et al. (2002) (see Table 2 ). Reductions in increment were calculated as the difference between observed increment and the increment expected if the moth had not been present, expressed as a percentage of the expected increment. Expected increments were estimated by fitting linear or polynomial models, as appropriate, to a plot of 5.4 ± 4.6 15.6 ± 3.9 25.5 ± 5.8 1980 -5.6 ± 2. 5 -1984 1984 50.9 ± 6.9 29.9 ± 3.5 32.0 ± 6.3 1985 36.6 ± 3.4 24.0 ± 4.2 28.6 ± 5.8 1986 -9.4 ± 4.7 6.3 ± 6.2 1990 1990 14.6 ± 5.6 -1991
18.9 ± 6.0 4.8 ± 6.2 1992 25.1 ± 5.3 7.8 ± 5.3 1993 13.8 ± 5.9 1.0 ± 3.7
1996-1997 1996 38.0 ± 4.9 37.5 ± 5.8 1997 20.2 ± 6.1 24.2 ± 6.9 1998
16.3 ± 13.5 18.0 ± 14.4 increments against time for the years when defoliation was considered not to have affected tree performance (moth-free years). Expected increments in years following high moth densities, in which the observed increment was identified as having been influenced by defoliation (outbreak years), were then calculated from the model (see Figure 5 in Straw, 1996) . The difference between observed and expected growth is a measure of the impact of defoliation. Densities of B. piniaria generally do not build up to damaging levels before pine stands are 20-25 years old (Bevan and Brown, 1978; Schwenke, 1978) , and pupal surveys in Tentmuir did not start until 1954. Consequently, it was assumed that tree growth before the start of the surveys had not been influenced by the moth, and expected increments were calculated only for the period 1954 to felling. Observed growth for each stand, over the whole rotation, was calculated as the sum of the observed annual increments. Expected growth was also calculated as the sum of the annual increments, but with the observed increments in the outbreak years replaced by the expected increments. Observed and expected growth were calculated for each tree separately, and then averaged for the total sample of trees from each stand to obtain mean annual increments and mean tree sizes (Straw, 1996; Armour et al., 2002) .
Financial costs
The total revenue from a forest stand is a combination of the revenues obtained from thinnings and the final harvest. The management history of the pine stands at Tentsmuir was not known, and to calculate the total gross income from each stand, for the observed patterns of growth that incorporated the effects of defoliation and for growth expected without defoliation, it was necessary to reconstruct stand histories and estimate the size and number of trees removed during thinnings. On the basis of the number of trees remaining in 1989 and 1998, and the size of the trees, it was concluded that all of the stands had been managed roughly in accordance with the schedule set out in the silvicultural tables for General Yield Class (GYC) 10 Scots pine (Edwards and Christie, 1981) . This schedule indicates a starting density of approximately 2020 trees per hectare and removal of thinnings every 5 years once the trees are 27 years old. Stand histories for each stand were constructed assuming this initial density and thinning programme. The number of trees removed at each thinning was adjusted, in proportion to the number of trees given in the yield tables, to match the final observed crop density. The date of final harvest was taken as the date when trees were felled for growth analysis (i.e. after 65, 70 or 72 years). This is a typical rotation length for GYC 10 Scots pine, and many of the pine stands in Tentsmuir had already been felled by this age. The studied stands were either due for felling in the next 5 years or were being retained beyond the normal commercial rotation for landscape purposes.
Stand histories were constructed bearing in mind that trees removed in thinnings are generally smaller than the main crop, although height was assumed to be the same. The smaller size of the trees removed at each thinning was estimated from regression relationships determined from the figures given in the GYC 10 tables, i.e.
(1)
where D thin and D main are the thinning and main crop diameters at 1.3 m (d.b.h., in cm), and V thin and V main are the volumes per tree (m 3 per tree) of the thinnings and main crop, respectively. The total volume of timber estimated to have been removed at each thinning, and at the final harvest, for observed growth and growth expected if the moth had not been present, was then divided into volumes of marketable timber using an assortment program (Rollinson and Gay, 1983) . The program divides total stem volume into volumes of (1) pulpwood, fixed 2 m lengths with a minimum top diameter (mtd) of 7-18 cm, (2) palletwood (small sawlogs), fixed 3 m lengths with an mtd of 18-24 cm, and (3) sawlogs, fixed 3 m lengths with an mtd >24 cm.
The commercial value of the usable timber estimated to have been produced by each stand was calculated by multiplying the volumes in each timber category by the long-term (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) average timber prices for Scotland, following the procedure described by Kula (1988) . Timber prices for each year were obtained from the Price-size Curves published every 6 months by the Forestry Commission. These curves give the overall average price received from sales of standing coniferous timber over the previous 12 months, and the average price for different size classes of timber (Mitlin, 1987; Sinclair and Whiteman, 1992) . Following Kula (1988) , the price of pulpwood was calculated as the arithmetic mean of the prices given for size classes of timber below 0.224 m 3 /tree, the price of palletwood as the mean of size classes between 0.225 and 0.424 m 3 /tree, and the price of sawlogs as the mean of size classes above 0.425 m 3 /tree.
All prices were adjusted to 1996 prices to account for inflation, in line with standard procedures (e.g. calculation of the Annual Price Index), and incomes are quoted in terms of £1996. Income is presented on an undiscounted and discounted basis, the latter discounted to the year of planting using either a 3.5 or 6 per cent discount rate (Kula, 1988) . HM Treasury currently requires a 6 per cent discount rate to be used, but the rate is under review and a lower rate is likely to be adopted in the future.
Results
Stand characteristics
The size of trees at felling (Tables 1 and 3) was intermediate between the average sizes of GYC 8 and GYC 10 Scots pine given in the standard yield tables (Edwards and Christie, 1981) . Even though the trees in Stand C were felled at a younger age, they were larger, on average, than trees in Stands A and B and had shown faster growth rates (Figure 1) . Trees in Stand B were also larger, on average, than those in Stand A, suggesting an increase in productivity from north to south in Tentsmuir, perhaps related to underlying site conditions.
Reductions in increment
The mean reduction in radial or volume increment during the 3 years immediately following a peak in the B. piniaria population was strongly correlated with average B. piniaria pupal numbers in either the northern half of the forest (Stand A) or the southern half of the forest (Stands B and C), in the winter immediately before the current growing season (year t) combined with pupal numbers in the previous winter (year t -1) ( Figure  2 ). The significant association between increment loss and pupal numbers indicates an increasing impact of defoliation at higher moth densities. The relationships illustrated in Figure 2 need some qualification. Average growth losses for stands B and C are both plotted against average pupal numbers for the southern half of the forest and are not, therefore, entirely independent. Pupal survey data were not available for Stands A and B separately, as these particular stands were not included among the sample of compartments surveyed for pupae in each winter. Consequently, reductions in increment could only be compared with pupal numbers recorded in log 10 (pupae t )+log 10 (pupae tϪ1 ) % reduction in volume increment adjacent compartments. This is a valid approach, however, as pupal numbers in adjacent compartments are highly correlated and show the same pattern of increase and decrease during the population cycles of the moth. Furthermore, reductions in increment tend to be more strongly correlated with average pupal numbers in the half of the forest in which the compartment is located, because the average pupal density for several neighbouring compartments gives a better estimate of the moth population than the more variable data from an individual stand (Straw, 1996) .
Data from the most recent peak in the B. piniaria population (in 1997) is also not shown in Figure 2 . This is because estimates of increment reduction following this peak were considered less accurate, because growth had not returned to normal by the time the trees were felled and there were no moth-free years at the end of the time series to position the curve of expected growth.
Financial losses
The cumulative effect of five or seven periods of defoliation by B. piniaria was to reduce the average size of trees at final felling by 10.2, 7.8 and 6.6 per cent in Stands A, B and C, respectively (Table 3 ). The effect of defoliation on the average size of trees removed during thinning was smaller, because these trees were removed before defoliation had affected many of the annual increments. Since thinnings made up 38-47 per cent of the total volume of timber extracted from the stands, the estimated reductions in total volume of timber extracted over the whole rotation was smaller than the reduction in volume at final harvest: 6.5 per cent in Stand A, 5.8 per cent in Stand B and 5.3 per cent in Stand C (Table 3) .
The volumes of marketable timber were smaller than the total stem volume estimated for each stand, because of the waste involved when cutting the stems into commercial lengths. However, the percentage reductions in the total volume of usable timber because of defoliation were the same (Table 4 ). The total loss of utilizable timber because of defoliation amounted to 26-35 m 3 ha -1 (Table 5 ). Most of this loss was in the sawlog category. The total volume of sawlogs was reduced by 20-23 per cent in Stands A and B, and by about 12 per cent in Stand C (Table 5 ). In comparison, the volume of thinnings potentially available actually increased by 0.3-2.6 per cent following defoliation, because the trees attacked by the moth were slightly smaller and yielded a larger amount of small diameter material (Table 5) .
Larger size classes of timber attract higher market prices. The long-term average prices for pulpwood, palletwood and sawlogs in Scotland were calculated as £8.78, £14.98 and £21.59 (at the value of the £ in 1996). As a result, the relatively greater reduction in the quantity of sawlogs following defoliation had a disproportionate effect on the total revenue received, and total (undiscounted) gross incomes showed relatively greater reductions following defoliation than the actual total volumes of marketable timber. Gross income, on an undiscounted basis, was estimated to have been reduced by 10.7 and 9.4 per cent in Stands A and B, and by 7.1 per cent in Stand C (Table 6) .
Discounting, however, greatly reduces the value of income obtained from later thinnings and at final harvest, because income received sooner is worth more than income received later. The effect of discounting can be illustrated by the following example. £100 received now is worth more than £100 received in a year's time, because the £100 received now could be invested at a rate of 6 per cent and would be worth £106 in a year's time. In contrast, the £100 received in a year's time would only be worth £100, and is therefore worth only £100/1.06 now. In contrast to undiscounted revenue, therefore, gross income received on a discounted basis was estimated to have been reduced by 5.8-7.5 per cent when discounted at 3.5 per cent, and by 4.4-5.2 per cent when discounted at 6 per cent (Table 6) .
Extending the rotation length
Comparing observed and expected growth at the end of the same rotation period, as in the foregoing section, is one method of estimating the impact of defoliation in commercial plantations. An alternative method is to estimate how many extra years would be required for the defoliated trees to attain the same size as undefoliated trees 532 FORESTRY (Hayes and Britton, 1986; Austarå, 1984a, b; Austarå et al., 1987) . The first method considers loss in terms of less income for the same number of growing years, whereas the second method considers loss in terms of the same income spread over more years. To what extent extending the rotation can mitigate the reduction in income caused by defoliation will depend, however, on the relative influence of discounting, which in turn will depend on the discount rate, the number of years since planting and the volume increments expected at such a late stage in the rotation. The advantages or disadvantages of extending the rotation length were investigated using the data from Tentsmuir by considering two scenarios: (1) extending the rotation to allow the trees to reach the final size expected in the absence of defoliation; (2) extending the rotation to allow the same total volume of timber to be extracted (Table 6 ). An extra 3 or 4 years of growth would have been required by the trees to make up for the reductions in increment caused by B. piniaria and to reach the otherwise expected final tree size. However, even though this increased the total volume of timber extracted from the stands, and increased the total undiscounted income, the revenue received on a discounted basis was similar to or less than that obtained when felling the trees at the same rotation length (Table 6) .
Financial losses were greater, particularly at the higher discount rate, if the rotation was extended by another 1 or 2 years to recuperate the volume lost in thinnings. Under this scenario, where the total volume of timber extracted matched that expected in the absence of defoliation, total gross undiscounted income was increased, but discounted income was reduced by 7-11 per cent (Table 6 ). At Tentsmuir, therefore, the advantages of increasing timber volume by allowing the trees to grow on for a few more years were outweighed by the greater reduction in real value of the final income caused by the increasing severity of the discounting effect.
Discussion
The pine stands analysed in the current study were typical of many commercial stands of Scots pine in the UK (Cook et al., 1977; Tyler et al., 1996) . However, there were no records of how the stands had been managed, and it was necessary, when reconstructing the stand histories, to decide upon an initial planting density and thinning regime. The initial density and thinning PINE LOOPER MOTH ON SCOTS PINE 533 Table 6 : Estimates of gross income (£ ha -1 ) obtained from the three Scots pine stands, calculated using the observed tree growth rate, growth expected in the absence of B. piniaria, and observed growth with the rotation length extended to match (1) the expected final tree size and, (2) Income is based on long-term average timber prices for Scotland (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) programme were aligned as closely as possible to the standard yield tables, but differences between the assumed and actual programme of stand management will mean that estimated timber volumes and revenues will differ from those actually obtained. However, the same management programme was assumed for each stand, so that any differences in output that might have been caused by variation in management were minimized, and differences in timber production between stands could be compared on an equal basis. Even though the estimated timber volumes will differ from those actually attained by a certain amount, the relative differences in volume between observed and expected growth should not have been affected and should be reasonably accurate.
The incomes quoted in the present analysis are much less like the incomes that would be realized at the present time, because we have used longterm average timber prices, and have adjusted values to £1996. The latter is standard procedure to account for inflation, whereas using long-term prices avoids problems caused by annual fluctuations in timber value. Timber prices in the UK are currently at their lowest level for 40 years (Forestry Commission, unpublished) , and using current prices would have greatly reduced the revenue calculated for each stand. Using current timber prices would also have required making complicated decisions as to the prices to be applied to trees removed at different times during thinning. Timber prices have changed greatly over the life of the pine stands at Tentsmuir, and applying prices likely to have been operating at the time when each series of thinnings were taken would have further compounded the analysis and made the results more site specific. Using long-term average prices ensures that the results are more generally applicable. The relative differences in income between observed and expected growth remain basically unchanged if current prices are used instead of long-term prices, and we emphasize that it is the percentage reduction in gross income that is more important in assessing the impact of defoliation than the actual estimate of income in monetary terms.
The price differential between timber size categories also varies from year to year. As a result, total income may vary because of changes in the relative value of large and small sized timber. This will also modify the influence of defoliation on income, because defoliation has a disproportionate effect on the volume of sawlogs. Long-term average prices incorporate average differentials between timber size categories and provide, therefore, an average picture of the impact of defoliation.
Defoliation by B. piniaria reduced estimated undiscounted gross incomes over the rotation by 7-11 per cent, and discounted income by 4.4-7.5 per cent. Discounting reduces the relative value of later thinnings and trees felled at the final harvest because income received sooner is more valuable than income received later. This diminishes the effect of B. piniaria in particular, because damaging populations generally develop only after pine stands have reached 25 years of age (Bevan and Brown, 1978; Schwenke, 1978) , and the effects of successive, partial defoliations accumulate only slowly with time. Therefore, whereas the impact of B. piniaria on growth becomes more apparent as the trees grow older, the effects of discounting work in the opposite direction and more effectively reduce the influence of defoliation on financial returns as time progresses. In our analysis, we have discounted incomes back to the year of planting using ordinary discounting methods. Alternative economic models, e.g. modified discounting (Kula, 1997) , have a less severe discounting effect. Under these models, the moderating effect of discounting would not be as strong and the financial losses caused by B. piniaria would be greater.
The cumulative effect of defoliation by B. piniaria was to reduce mean stem volumes at the final harvest by 7-10 per cent. It was estimated that an extra 3 or 4 years of growth would have allowed the trees to reach the final size expected if defoliation had not occurred, and a further 4 or 6 years would have enabled the total volume expected without defoliation to have been recovered. Studies on outbreaks of other insect species on Scots pine and Norway spruce (Picea abies (L.) Karst.) have shown that between 2 and 4 years of additional growth would compensate for the decrease in growth caused by single, severe defoliations (Austarå, 1984a, b; Hayes and Britton, 1986; Austarå et al., 1987) . However, the current analysis suggests that extending the rotation is not such a good option on economic grounds. Even though total timber volume and undiscounted revenue is increased, there is no overall financial gain on a discounted basis because the income at harvest has to be discounted over a greater number of years. The better option when looking at the whole rotation, and discounting back to the year of planting, would appear to be to harvest the trees at the end of the normal crop rotation and accept the losses that have accrued up to that point.
In reality, the decision whether or not to extend the rotation will be made a few years before the original expected date of felling, e.g. 5 years beforehand, and will depend on timber prices prevailing at the time. The aim at that point will be to maximize discounted revenue over the remaining life of the crop, by discounting the income from harvesting back to the year of review, e.g. over the 5-year period. Such local decisions will override any long-term consideration of the impact of B. piniaria when deciding the fate of individual stands, but the current analysis indicates that, on average, across many stands, the economic impact of the moth is likely to be greater if rotation lengths are increased.
Extending the rotation length might also expose the trees to further defoliation. This possibility was not included in the current analysis, but in Tentsmuir leaving the trees in the ground for a further 4 or 6 years would almost certainly expose them to another peak in the B. piniaria population. This would affect the extra growth increments at the end of the rotation and lead to further reductions in total discounted income.
The reductions in growth and financial losses caused by B. piniaria at Tentsmuir result from only low or moderate rates of defoliation. Some needle-browning was probably visible at the time of the highest B. piniaria populations in 1984, but otherwise the trees at Tentsmuir did not show any outward signs of attack (Straw, 1996) . Low rates of defoliation are also indicated by the needle trace analysis carried out by Armour et al. (2002) , which showed that maximum needle loss on the leading shoots of trees in Stands A and B did not exceed 15 per cent. The data from Tentsmuir demonstrates, therefore, that relatively inconspicuous, partial defoliation, repeated at intervals over the rotation, can have a measurable impact on growth and financial returns.
By the end of the rotation, total timber volume and income were reduced by a greater amount in Stand A and Stand B than in Stand C. This was primarily the result of Stands A and B experiencing an additional two peaks in the moth population. There were no marked differences in the relationship between increment reduction and mean pupal densities between the stands (Figure 2) . Reductions in radial increment in Stand C were less than, or similar to, the reductions in radial increment in Stand B, which suggested that moth densities were on average lower in Stand C (Figure 2a ), but reductions in volume increment were slightly greater in Stand C than in Stand B (Figure 2b ). The greater impact on volume in Stand C might be related to the faster growth and larger size of the trees in this compartment.
The effect of B. piniaria on Scots pine at Tentsmuir provides an example of the growth losses and financial costs associated with a series of partial defoliations over the forest rotation. Occasionally in the UK, and more frequently in continental Europe, outbreaks of B. piniaria result in pine trees being severely or even completely defoliated (Barbour, 1988) . In these situations, the impact on growth and financial returns will be greater. Complete defoliation can cause tree death, however, and severe defoliation can leave Scots pine susceptible to attack by secondary pests and fungal organisms that will kill trees which otherwise would recover (Crooke, 1959; Barbour, 1988; Langstrom et al., 2001) . In these extreme cases, financial losses will increase over and above those caused by reductions in increment, because of the costs of salvaging trees that are going to die. Consequently, the financial costs of attack by B. piniaria will not increase with defoliation rate in a simple manner. At the highest rates of defoliation, costs will have to be adjusted to take into account interactions with other pest species and the removal of trees before the normal felling age.
